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We observe the buildup of a frequency-shifted reverse light field in a unidirectionally pumped 
high-Q optical ring cavity serving as a dipole trap for cold atoms. This effect is enhanced and a 
steady state is reached, if via an optical molasses an additional friction force is applied to the atoms. 
We observe the displacement of the atoms accelerated by momentum transfer in the backscattering 
process and interpret our observations in terms of the collective atomic recoil laser. Numerical 
simulations are in good agreement with the experimental results. 
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PACS numbers: 42.50.Vk, 42.55.-f, 42.60.Lh, 34.50.-s 

Since the first observation of photonic recoil Q , a large 
variety of techniques has been developed to exploit the 
mechanical forces of light for optical cooling and trap- 
ping. The inverse process, i.e. the impact of the atomic 
motion on light fields, has recently received special atten- 
tion with the theoretical prediction 0] and the observa- 
tion pUjJ of the phenomenon of recoil- induced resonances 
(RIR) and with the proposal for a collective atomic re- 
coil laser (CARL) In RIR experiments a pump and a 
weak probe laser beam having different frequencies give 
rise to a moving standing light wave at the intersection 
region. Atoms moving synchronously to this wave un- 
dergo two-photon Raman transitions between momen- 
tum states. This gives rise to a density grating at the in- 
tersection region, which copropagates with the standing 
wave. The density modulation corresponds to a classical 
bunching of atoms in the optical potential valleys formed 
by the standing wave. The Raman scattering process can 
equivalently be described as stimulated Rayleigh scatter- 
ing of photons off the density grating Q from one beam 
into the other. If the probe laser is red-detuned from the 
pump, it receives a net gain. The probe gain increases the 
amplitude of the standing wave. This leads to stronger 
atomic bunching and, in turn, strengthens the Rayleigh 
scattering in an avalanche process. In RIR experiments 
the relative gain is typically small, so that runaway am- 
plification of the probe is not observed. Consequently, 
the positive feedback described above is neglected in com- 
mon RIR theories. 

CARL which shares the same gain mechanism as RIR 
@ has been formulated as a transient process the 
signature of which is an exponential growth of a seeded 
probe field oriented reversely to a strong pump interact- 
ing with an active medium. On the other hand, atomic 
bunching and probe gain can also arise spontaneously 
from fluctuations with no seed field applied Q. The un- 
derlying runaway amplification mechanism is particularly 
strong, if the reverse probe field is recycled by a ring cav- 
ity. So far, attempts to observe CARL action have only 
been undertaken in hot atomic vapors dll]. They have 
led to the identification of a reverse field with some of 
the expected characteristics. However, the gain observed 
in the reverse field can have other sources [T(J , which are 



not necessarily related to atomic recoil, so that the un- 
ambiguous experimental proof of the CARL effect is still 
owing. 

The CARL effect should emerge most clearly in cold 
atomic clouds in a collisionless environment 6]. Fur- 
thermore, large detunings of the lasers far outside the 
Doppler-broadened profiles of the atomic resonances are 
preferable. In this regime effects from atomic polariza- 
tion gratings, which are not based on density variations 
[Icj . are avoided. Finally, to emphasize the role of the 
exponential gain responsible for sclfbunching, i.e. spon- 
taneous formation and growth of a density grating, it is 
desirable not to seed the probe. The observation of a 
probe beam is then a clear indication for CARL in con- 
trast to RIR, where the avalanche effect is nonexistent. 
In this paper we present experiments which fulfill the 
above requirements. 
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FIG. 1: Scheme of the experimental setup. A titanium- 
sapphire laser is locked to one of the two counterpropagating 
modes (q+) of a ring cavity. The beam a_ can be switched 
off by means of a mechanical shutter (S). The atomic cloud 
is located in the free-space waist of the cavity mode. We ob- 
serve the evolution of the interference signal between the two 
light fields leaking through one of the cavity mirrors and the 
spatial evolution of the atoms via absorption imaging. 

Our high-Q ring cavity consists of one plane and two 
curved mirrors. It is 8.5 cm long, has a beam waist 
of wo — 130 /jm and an amplitude decay rate of k = 
2it x 22 kHz. The cavity is pumped by a titanium- 
sapphire laser. For the sake of definiteness, we describe in 
the following the cavity modes by their field amplitudes 
scaled to the field per photon [llj . The mode a + is con- 

^Sk a+ n ' , where 8 is 
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tinuously pumped at a rate 77+ — 

the free spectral range of the cavity and o^" ; the field 
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amplitude of the incoupled laser beam. The titanium- 
sapphire laser is stabilized to this mode by the Pound- 
Drever-Hall method. The counterpropagating mode is 
labelled by a_. We call a + the pump and a_ the probe 
mode. The details of the apparatus have been published 
in Ref. [4J. We load 85 Rb atoms from a magneto-optical 
trap (MOT) into a TEM 00 mode of the ring cavity. With 
typically N = 10 6 atoms trapped, we achieve atom peak 
densities of more than 2 x 10 11 cm" 3 at temperatures of 
several 100 fiK corresponding roughly to 1/5 of the po- 
tential depth. The temperature of the atomic cloud and 
its density distribution are monitored by time-of-flight 
absorption imaging. We measure the intracavity light 
power via the fields leaking through one of the cavity mir- 
rors (intensity transmission T = 1.8 x 10~ 6 , see Fig. 1). 
The outcoupled light power is related to the intracavity 
power by P^ ut) = TP^ av) = THluS \a±\ 2 . The phase 
dynamics of the two counterpropagating cavity modes 
is monitored as the beat signal between the two outcou- 
pled beams. Any frequency difference between pump and 
probe, Alu = lu + — u)—, i.e. propagation of the standing 
wave nodes inside the ring cavity, is translated into an 
amplitude variation of the observed interference signal 
P beat = TfuvS \a+ +a_| 2 . 

In order to observe a CARL signal, we load atoms 
from the MOT into the symmetrically pumped ring cav- 
ity standing wave (A = 797.0 nm). The detuning from 
the nearest atomic transition (Dl-line at 794.8 nm) is 
1 THz. After 30 ms trapping time one beam (rj—) is 
switched off via a mechanical shutter. With no atoms 
the interference signal Pbeat then drops to ThuiS |a+| 2 
within a time of 10 /is, limited by the finite shutter clos- 
ing time. An observed residual low-frequency fluctuation 
of Pbeat is assigned to scattering at the imperfect mir- 
ror surfaces. In contrast, if atoms are loaded into the 
ring cavity standing wave, oscillations appear on the in- 
terference signal shortly after the switch-off, as shown in 
Fig. 2(a). Their amplitude is rapidly damped, however 
they are still discernible after more than 1.5 ms, which 
exceeds the cavity decay time r = (2k) _1 by more than 
a factor of 600. We verified that the oscillations do not 
occur for low cavity finesse, which is realized by rotating 
the polarization of the incoupled lasers from s to p po- 
larization £| , thereby reducing the finesse from 80000 to 
2500. Figure 2(c) shows the frequency of the interference 
signal as a function of time. From the observations we 
can deduce 1. that the probe mode a_ is fed with light in 
the presence of atoms, thus leading to a standing wave su- 
perposed to the pump mode a + . 2. Having verified that 
the oscillations are solely due to a relative phase shift of 
the cavity modes (no oscillations are detected in either 
mode), we know that the detuning between probe and 
pump increases in time, and therefore the standing wave 
is displaced and accelerated by the presence of atoms. 
3. With time the contrast of the standing wave reduces 
to zero, i.e. after a fast initial decay, the probe fades out 
on a time scale of 1.5 ms. 4. The atoms are dragged by 
the moving standing wave. The frequency shift of the 
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FIG. 2: Curve (a): Recorded time evolution of the observed 
beat signal between the two cavity modes with N = 10 6 and 
p(cav) _ g -yy ^y- time t = the pumping of the probe a_ has 
been interrupted. Curve (b): Numerical simulation accord- 
ing to Eq. (1) with the temperature adjusted to 200 /iK. (c): 
The symbols (x) trace the evolution of the beat frequency 
after switch-off. The dotted line is based on a numerical sim- 
ulation. The solid line is obtained from Eq. (3) with the 
assumption that the fraction of atoms participating in the co- 
herent dynamics is 1/10 to account for imperfect bunching, 
(d) : Absorption images of a cloud of 6 x 10 6 atoms recorded 
for high cavity finesse at ms and (e) 6 ms after switching off 
the probe beam pumping. All images are taken after a 1 ms 
free expansion time, (f): This image is obtained by subtract- 
ing from image (e) an absorption image taken with low cavity 
finesse 6 ms after switch-off. The intracavity power has been 
adjusted to the same value as in the high finesse case. 



backscattered light field by up to 1 MHz corresponds to 
an atomic velocity of 40 cm/s. At interaction times of 
a few ms, the atomic motion should lead to a detectable 
displacement. To verify this we have taken time-of-flight 
absorption images of the atomic cloud at various times 
after one-sided switch-off, shown in Fig. 2(d) and (e). 
We observe that, even though a major fraction of the 
cloud keeps staying at the waist of the laser beam, its 
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center-of-mass is shifted along the propagation direction 
of the standing wave. In the case of low cavity finesse, 
the displacement is almost zero. 

The observations can be understood in terms of lasing 
mediated by collective atomic recoil, despite the differ- 
ences between our system and the original CARL pro- 
posal . The original idea is based on injecting a homo- 
geneously distributed monokinetic atomic beam counter- 
propagating to the pump and a seed for the probe, which 
predetermines the probe frequency. In this system, the 
signature for CARL action is a blue-detuned amplified 
probe pulse followed by a highly irregular evolution of 
the system. In contrast, in our system the probe fre- 
quency and the atomic momentum distribution evolve in 
a selfconsistent manner. Initially the atoms are highly 
bunched at the antinodes of the symmetrically pumped 
standing wave cavity field. After switching off 7y_, those 
atoms which take part in the CARL process transfer pho- 
tons from the pump into the probe and by recoil, ac- 
quire momentum, mv, in direction of the pump. The fre- 
quency difference between probe and pump corresponds 
to twice the Doppler shift, Aui = 2kv. Thus, in agree- 
ment with our observations, an increasingly red-detuned 
probe beam is expected, whose intensity eventually di- 
minishes, because its frequency drifts out of the cavity 
resonance by an amount corresponding to Aw. 

Being focussed on studies of transient phenomena, the 
original CARL model does not consider relaxation for 
the translational degrees of freedom. The long-term dy- 
namics predicted by this model yields atomic accelera- 
tion without any bounds To obtain steady state 
operation, the addition of dissipation to the momentum 
equations has been suggested [Tjfl, [lj] . We translate this 
idea to experiment by introducing a friction force by 
means of a superimposed optical molasses: In a second 
set of experiments, we load the atoms from the MOT 
directly into the unidirectionally pumped running wave 
dipole trap (?7_ =0). In contrast to the first set of ex- 
periments, we now start from a basically homogeneous 
atomic density distribution, so that the appearance of 
light in the probe mode constitutes an evidence for self- 
bunching. After 40 ms trapping time, we switch on the 
optical molasses. We use the laser beams of the MOT 
and tune them 50 MHz below the cooling transition (D2, 
F = 3 — > F' = 4). Fig. 3(a) shows the interference signal 
observed when the optical molasses is turned on at time 
t = 0. Apparently, strong oscillations emerge from the 
noise floor. They quickly reach a steady frequency be- 
tween 100 and 170 kHz, which corresponds to an atomic 
velocity of 7 to 13 cm/s, and they persist for times longer 
than 100 ms, mainly limited by the finite size of the mo- 
lasses region. Fig. 3(c) demonstrates the dependence of 
the beat frequency on the pump rate r) + . 

We interpret the experimental observations in the fol- 
lowing way: Any inhomogeneity in the atomic density 
distribution, e.g. due to a residual standing wave ra- 
tio in the cavity field generated by back-scattering from 
the cavity mirrors, gives rise to some amount of atomic 
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FIG. 3: (a): Formation of a moving standing wave upon 
irradiation of molasses beams at time t = 0. The experi- 
mental settings are the same as in Fig. 2(a) except for the 
light power p^ av ^ = 11 W. (b): Numerical simulation of the 
beat signal obtained with a unidirectionally pumped cavity 
(rj- — 0) according to Eq. (1). The atom number and the fric- 
tion coefficient are adjusted to TV = 2 x 10 5 and 7/ r j c = 9k, 
respectively, (d): The simulation also yields the bunching 
parameter b = N' 1 |£ n e 2ikXn | defined in Ref. @. The per- 
fect bunching for t > is an artifact of our simplified friction 
model, which does not account for diffusion heating by the 
molasses, (c): Impact of the pump rate j?+ on the steady 
state propagation velocity of the standing wave. The pump 
rate is ramped down within 10 ms and monitored through 
the outcoupled laser power P± v *\ which decreases from 18 
to 10 fiW. 



bunching. Without the optical molasses, this bunch- 
ing is not sufficient to initiate runaway CARL amplifi- 
cation, mainly because the atoms are accelerated and 
redistributed in space, before a relevant bunching of the 
atomic density can occur. The damping force of the mo- 
lasses now counteracts the acceleration force and pre- 
vents dispersion of the atomic velocities. A steady-state 
velocity is reached, when the velocity dependent damp- 
ing force balances the CARL acceleration. The molasses 
thus acts like a pump recycling the atoms into an equilib- 
rium momentum state that otherwise would be depleted 
by CARL acceleration. The equilibrium defines the fre- 
quency of the probe, which therefore is dependent on the 
intensity of the pump laser, as is shown in Fig. 3(c), and 
the molasses parameters. We found that the frequency 
also depends on the atom number. 

We model our system consisting of an ensemble of 
atoms coupled to two counterpropagating modes of a 
ring cavity with a set of differential equations Q, Ull Il5| . 
We concentrate on the limit of very large laser detuning 
from the atomic resonances, where the excited atomic 
states can be adiabatically eliminated (Eqs. (16-18) in 
Ref. 01 )■ Adapting this model to our experiment, we 
have to account for the fact that one mode, the pump 
a+, is tightly phase-locked to the cavity. Any phase 
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variation of a + is translated by the servo loop into a 
phase correction fed back to the incoupled laser ai_ , 
thus suppressing any relative phase dynamics. Being in- 
terested mainly in the situation of one-sided pumping of 
the cavity (r/- = 0), we also neglect variations of a + due 
to photon scattering from and into the (almost) empty 
probe a_. We then obtain a stationary field amplitude 
a + = x^ 1 r /+i where we introduced the abbreviation 
X = k + iNUo — iA c . Here N is the atom number, Uq 
the one-photon light shift and A c the detuning of the 
laser from the resonance of the empty cavity. The very 
large detuning from the atomic resonances allows us to 
neglect the radiation pressure exerted by the cavity fields. 
The backscattered probe and the motions of the atoms 
located at the positions then described by 

d_=- X a_-^2±V e 2 ^", (1) 

kx n = 2eiU V+ ^ e - 2ikXn - ^e 2 ^") - 7/ „ c fc±„, 

where k is the wavenumber of the field and e = Hk 2 /m 
is twice the recoil shift. Note that we have phenomeno- 
logically included a damping term jfrickv to account for 
molasses friction. This procedure has been introduced in 
Ref. [I^l to model the impact of atomic collisions. In our 
experiment, collisions are negligible. 

In general the equations cannot be solved analytically, 
and we have to numerically iterate them. For the sake of 
computational efficiency we treat groups of 10 4 atoms 
as single particles. Fig. 2(b) and Fig. 3(b) trace the 
simulated evolution of the coupled system consistent of 
the atomic cloud and two optical modes of the ring cav- 
ity as pump and probe. We find good agreement with 
the experimental data. The simulations also reveal that 
part of the atoms copropagate with the moving stand- 
ing wave potential, sitting on its back slope and thus 
experiencing a constant accelerating light force. This 
force comes from the photonic momentum transfer ac- 
companying the light scattering into the reverse mode: 
The atoms behave like surfing on a self-sustained stand- 
ing light wave. Without friction the atoms continuously 
accelerate, and the standing wave ratio and the atomic 
bunching gradually decrease. The inclusion of friction 
leads to increased backscattering, deeper potential val- 
leys and stronger atomic bunching. 

Analytic solutions can be derived for the case of per- 
fect atomic bunching. We may then replace the atomic 
variables by center-of-mass coordinates x = N^ 1 ~^2 n x n . 



Inserting the ansatz a_ = f3e 2l,kx , with the assumption 
of unidirectional pumping and steady state conditions 
(r/_ = 0, $ = 0), one obtains 

a _ -iNU () ri + 

V ~ x(x+2ifci>) ' <■ ' 

kv = U | . + Re ) - Jfrickv . 

For simplicity we assume A c = NUq, which is generally 
satisfied when the laser is locked to the cavit y, w hose 
resonance is shifted by the presence of atoms Ig- 
noring friction (7/ r i c = 0) an d with the initial condition 
v(t = 0) = 0, the differential equation in (2) is solved by 

{kv f + ^ kv= 3 ^A t (3 ) 

The analytic solution of this cubic equation is shown as 
a solid line in Fig. 2(c). In order to account for atomic 
debunching, which is particularly strong during the one- 
sided switch-off procedure, we have assumed that only 
1/10 of the atoms participate in the CARL process. In 
contrast, the introduction of friction to the dynamics 
leads to a steady state. At long times, where 2kv » re, 
the differential equation in (2) is approximately solved 
by 

(M 3 = ^ • (4) 

In summary, we studied the mutual backaction be- 
tween the light field of a unidirectionally pumped high-Q 
ring cavity and cold atoms trapped in this light field. 
For the first time, as far as we know, strong evidence for 
the central role played by bunching and by atomic recoil, 
has been found; the former by observing a backscattered 
probe field in the absence of a seed and the latter by 
detecting a displacement of the atomic sample. By in- 
troducing an optical molasses the system approaches a 
steady state, which might be interpreted as a cw CARL. 
The atomic selfbunching triggered by the molasses is an 
example for a phenomenon occurring in extended dynam- 
ical systems: the enhancement or even the seeding of 
spatio-temporal instabilities by a dissipative force. 
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